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Based on the frequency-domain theory, we put forward a method of
imaging the complex symmetrical polyatomic molecules by using
IR+XUV two-color laser fields. Although the wave function of a
polyatomic molecule, such as SF6, is quite complex in momentum space,
it can be simplified by several terms in the region of high value of
momentum, where the destructive interference fringes from these terms
carry the information of the molecular structure. In this work, we find that,
since the XUV laser field may increases the kinetic energy of the
一wbb@aphy.iphy.ac.cn
photoelectron dramatically in the above-threshold ionization (ATI)
process of a molecule in an IR+XUV two-color laser field, the
information of the molecular structure can be obtained by analyzing the
interference fringes of the ATI spectrum in the high-energy region, where
the simplified wave function of the molecule plays a dominant role in this
part of the ATI spectrum. This method provides a unique accessible route
towards imaging polyatomic molecules from a frequency perspective.
I. INTRODUCTION
The emergence of strong laser fields has revealed many new
nonlinear physical phenomena. One of the most important processes is
above threshold ionization (ATI) [1-3], which was first found in forty
years ago. As a direct photoionization process, ATI spectrum has been
widely used in deriving the information of the molecular structures [4-5]
and observing the dynamic processes of molecules in laser fields [6-7].
Later on, re-collision processes [8] in strong laser field, such as
high-order above-threshold ionization (HATI) process [9-11] and high
harmonic generation (HHG) [12-13], were observed. Therefore, in the
re-collision process, the ionized electron driven by the reverse laser field
has a certain probability to re-collide with the nuclei, so as to form fringes
by interference between different re-collision paths carrying related
molecular structure information in the electron energy spectrum [14-17]
or harmonic spectrum [18-19]. However, for heteronuclear diatomic
molecules [20], the ionized electron can only re-collide with the nucleus
carrying positive charge, hence it is hard to accurately image the
corresponding molecular structure by these re-collision spectra.
Recently, with the development of high frequency laser technique by
high-order harmonic generation and free-electron laser, the pump-probe
method becomes an effective tool to measure and control the ultrafast
dynamic processes in the laser-matter interactions [21-27]. Especially, the
ionization and dissociation of molecules can be observed and controlled
by changing the laser conditions and the delay time between the two laser
pulses [22-27]. For example, the lifetime of the charge-transfer processes
in Argon dimers has been obtained by XUV+IR pump-probe experiments
[24]. More recently, He et al. [21] demonstrated that the orientation- and
molecular-orbital-resolved ionization can be used to retrieve the complex
structure of molecules by controlling the intensity of two-color laser
fields. However, since many electronic orbitals may participate in the
pump-probe dynamic processes for complex molecules, it is still a tough
task to derive the information of the molecular structure by analyzing the
experimental data [28].
What discussed above is mainly based on time-domain investigation
in coordinate space, and they are time consuming even if it can reflect the
molecular structure information to some extent. In this work, we employ
the frequency-domain theory based on a non-perturbative quantum
electrodynamics, which has previously been used to handle problems
related to strong fields [29-33], to deal with the angle-resolved ATI
spectra of complex molecules in linearly polarized IR+XUV two-color
laser fields. The purpose of using the two-color laser fields is to get a
broad energy spectrum, where IR laser can broaden the spectrum and
XUV laser can help us obtain high ionization probability of the electron
in the molecule, which is beneficial to extract the complex molecular
structural information. The research object here is the complex
polyatomic molecule with high symmetry, i.e., SF6. We find that the
molecular states in momentum space can be simplified in high energy
region, and many interference formulas carrying the information of the
bond lengths may be obtained by these simplified states. Therefore, the
interference fringes in ATI spectrum can be used to predict the bond
lengths by the corresponding interference formulas.
II. THEORETICALMETHOD
In this work, we consider the ATI process of one polyatomic
molecule in IR+XUV two-color laser fields. The frequency-domain
representation of the method for ATI in two-color laser fields is given in
[32-33]. Here this method is briefly summarized and applied for
polyatomic molecule system. Based on the frequency-domain theory, the
Hamiltonian of the molecule-laser system can be written as
0H H U V   , (1)
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of the laser field with frequency i , where ia and ia  are the
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 k rA (r)  is the vector potential with
1/2(2 ) ( 1,2)s sg V s   and V is the normalized volume of the laser field.
The polarization vector of the laser field is defined as
ˆ ˆ ˆcos( / 2) i sin( / 2)  x y   , where  determines the polarization
degree of the laser field, such as / 2  corresponds to circular
polarization and 0  corresponds to linear polarization. The initial
quantum state is expressed as 1 2( )i i r l l    , the eigenstate of the
Hamiltonian 0H U with the associated energy 1 1 2 21 1( ) ( )2 2i BE E l l       ,
in which ( )i r is the ground state wave function of the molecule with the
binding energy BE , 1l and 2l are the Fock states of the two laser
modes. The final state of the system can be denoted by
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which is the quantized-field Volkov state in two-color laser fields that can
be expressed as
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where eV is the normalized volume, fp is the final state momentum of
the ionized electron, and
1 1 2 21 2
u / (u / )p p p pU U   , with 1 2( )p pU U being
the ponderomotive potential in the laser field. 1 2( )k k denotes photon
momentum of the laser field. The total energy of final state is
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where 1 2( )m m is the photon number in the laser field. The generalized
Bessel function
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Now, the transition matrix element of ATI process can be written as
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1/2
1 1 2 2 ,[(u ) (u ) ] ( ) ( )d f i e p p q q f iT V V q q           P , (7)
with 1 1 1 2 2 2( )q l m q l m    being the number of photons the electrons
absorbing from two-color laser fields. And ( )i P is the Fourier
transform of the initial wave function ( )i r .
III. NUMERICALRESULTS
We may find from Eq. (7) that the transition matrix element is
proportional to the wave function, i.e., ( )d iT   P , which indicates that
the structure of the wave function can be mapped on the ATI spectrum.
Therefore, the molecular structure information can be obtained by
analyzing the ATI spectrum as these wave functions carrying the
information, where the ATI spectrum satisfies some suitable conditions.
In this section, we demonstrate that the two-color laser fields can provide
such suitable ATI spectra to realize imaging molecules.
FIG 1. The skeleton of SF6 molecules. The vector potentials of the two-color
laser fields are along Z axis.
We now consider the ATI processes of molecule SF6 in two-color
laser fields. The ionization potential of SF6 is 15.7eV [34]. Figure 1
shows the skeleton of the molecule SF6, the origin of the coordinate
system is set at the S atom. Atomic units are used throughout unless
stated otherwise.
By using HF/6-311G* method [35-36] implemented by the Molpro
software [37], the highest occupied molecular orbital (HOMO) of the SF6
molecule includes three degenerated orbitals, which can be denoted as
1 , 2 and 3 , according to their own symmetries. Here, the standard
S-F bond length used in the calculation is 2.929SFR a.u..
According to the formula of Fourier transformation
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we can obtain the wave functions for the three HOMO orbitals in
momentum space. Firstly, we analyze the case of the SF6 when the
symmetry is 1 . The expression of the HOMO wave function 1 in
momentum space is Eq. (A4) in the Appendix A, and its density
distribution in coordinate space is shown in Fig. A1.
FIG. 2. The density distribution of 1 wave function in momentum space for
molecule SF6.
Figure 2 shows density distribution of the wave function 1 of SF6
in momentum space with different zenith angles, where the horizontal
axis represents azimuthal angle and vertical axis represents 2 / 2p
dependent on momentum. One may clearly find that there are many
fringes in the density distribution of the wave function as shown in Fig. 2.
By analyzing Eq. (A4), we may find that these fringes can be classified
by three types: (1) when n /2  with n=1,2,…, the amplitude of the
wave function is zero because of the dependence of each term in Eq. (A4)
on the momentum px and py, which is denoted by the red solid line in Fig.
2; (2) when n /2 /4    with n=0,1,…, i.e., px=±py, the interference
between each two corresponding terms in Eq. (A4) provides the
destructive fringes in the density distribution of the wave function, as
shown by the black dotted lines in Fig. 2; (3) Besides above fringes, we
may find there exist more fringes with the energy increasing, as shown in
Fig. 2. In fact, when the value of the energy is large enough, where the
exponent part in each term of Eq. (A4) affects dramatically its value, the
wave function 1 can be approximately expressed by two terms, i.e.,
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hence, there will occur destructive fringes as one of the two terms
becomes zero, which provide two fringes formula:
2 2 2 20.5( ) / (sin cos )f fE n R   , (10)
and
2 2 2 20.5( ) / (sin sin )f fE n R   , (11)
where R is the S-F bond length. The green dashed and blue dash-dot
lines in Fig. 2 are predicted by Eq. (10) and (11), respectively. We should
notice that these lines for third types of fringes agree well with that of
numerical results as the energy is larger than 150 eV. However, these
fringes are blurred in the low energy region. This is because that more
terms in the wave function in Eq. (A4) play an important role in the
distribution in low energy region and their contributions destroy these
fringe structures.
From the above analysis, we may find that the third type of the
interference fringes in the density distribution of the wave function
carries the information of the molecular structure, especially from the
fringes of the distribution in high energy region. Therefore, according to
the characteristic of the ATI spectrum predicted by Eq. (9), on which the
density distribution of the molecular wave function maps, it is necessary
to increase the energy of the ionized electron in order to increase the high
energy part of the ATI spectrum. Here, we realize this idea by using
IR+XUV two-color laser fields.
FIG. 3. The angle-resolved ATI spectra of SF6 for initial state 1 in the IR+XUV
two-color fields (a-c) and monochromatic IR laser field (d-f) at 40f   (a and d),
60 (b and e) and 80 (c and f) .
According to the interference formulas of Eq. (10) and (11), we can
find that the energy increases dramatically as the angle between the
direction of the laser polarization and the electron momentum direction
decreases towards zero, hence the angle is chosen as (20 ,90 )f    . In this
paper, the polarization of the two-color linearly polarized laser field is
along z axis, as shown in Fig. 1. The intensities of the two laser fields are
I1=I2=1.0×1014W/cm2, and the frequency ω1=1.55 eV and ω2=50ω1. The
initial phases of the two-color laser fields are 1 2 0    for simplicity.
Figure 3 (a-c) shows the ATI spectra in IR+XUV two color laser fields for
initial wave function 1 of SF6 with the angle between the momentum
direction of the electron and the polarization direction of the IR laser
40f   (a), 60 (b) and 80 (c). For comparison, we also present the ATI
spectrum by IR laser field in Fig. 3 (d-f) with the laser frequency ω=1.55
eV and intensity I=1.0×1014 W/cm2 for 40f   (d), 60 (e) and 80 (f).
One may find that, the energy region of the ATI spectra for the
monochromatic IR laser case is below 50eV, while the energy region of
the ATI spectrum is enlarged obviously by using the IR+XUV laser fields
as shown in Fig. 3. This result is attributed to that the participation of
XUV laser improves the ionization probability, and the IR laser field
accelerates the photoelectron during the ATI process [32]. In addition, the
ATI spectra present multi-plateau structure, where the width of each
plateau in the ATI spectrum decreases as the angle f increases. These
spectrum structures are determined by the energy conservation during the
ionization process [33], where the cutoff of each plateau decreases with
the angle increasing. More interestingly, we may find that the interference
fringes emerge in the high energy region of these spectra, which are
attributed to the interference fringes in the density distribution of the
molecular wave function shown in Fig. 2. The green dashed and blue
dash-dot lines are also from the interference formula of Eqs. (10) and (11),
where the high energy part of these lines agrees well with the numerical
results shown in Fig. 3. This result indicates that the analysis of the wave
function which can be simplified by two terms in high energy region is
suitable.
From Eqs. (10) and (11), we can derive the formulas about
molecular bond length, which is
/ ( 2 sin cos )f fR n E   , (12)
/ ( 2 sin sin )f fR n E   . (13)
Therefore, by using the data of the ATI spectra, we can predict the S-F
bond length of SF6 by Eqs. (12) and (13), which are shown in Tables 1
and 2. The error in both tables is defined as ( ) /avg SF SFR R R   . We can
find that the error is smaller than 8% in both cases.
Tab. 1. The length of S-F bond length in SF6molecule by Eq. (12), where the data are
taken from the ATI spectra shown in Fig. 3 for the molecular wave function of 1 .
f f /rad E/eV R/a.u. Ravg/a.u Error
40°
1.12 190 3.00
3.03 3.45％
2.02 190 3.01
1.15 210 3.04
1.99 210 3.06
60°
1.26 190 3.17
3.10 5.84％1.88 190 3.19
1.26 210 3.02
1.88 210 3.03
80°
1.26 190 2.79
2.73 6.79%
1.88 190 2.80
1.26 210 2.65
1.88 210 2.67
Tab. 2. The length of S-F bond length in SF6molecule by Eq. (13), where the data are
taken from the ATI spectra shown in Fig. 3 for the molecular wave function of 1 .
f f /rad E /eV R/a.u. Ravg/a.u Error
40°
0.45 190 3.01
3.03 3.45%
2.69 190 3.00
0.42 210 3.05
2.72 210 3.04
60°
0.31 190 3.18
3.10 5.84%
2.83 190 3.17
0.31 210 3.03
2.83 210 3.01
80°
0.31 190 2.80
2.72 7.14%
2.83 190 2.78
0.31 210 2.66
2.83 210 2.65
From the above discussion we can see that the wave function of 1
in momentum space can be simplified by two main effective terms in Eq.
(9). We now trace back to the coordinate space wave function, which
corresponds to four main effective terms expressed as
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We find that these four terms are from four F atoms in XY plate
perpendicular to the direction of the laser field as shown in Fig.4.
FIG. 4. The density distribution of the wave function by Eq. (14) in XY plane in
coordinate space with the value of Z=0 a.u..
We now consider imaging the wave function of 2 and 3 by
ATI spectra. Since the polarization direction of the two-color laser fields
is along Z axis, the ATI spectra for both wave functions 2 and 3 are
similar, hence we only present the results for wave function 2 .
The wave function of 2 in momentum space is presented in Eq.
(A5) of Appendix A, where the density distribution of this wave function
is shown in Fig. 5.
FIG. 5. The density distribution of 2 wave function in momentum space for
molecule SF6 .
Similarly for the case of 1 , there also exists three types of fringes:
(1) when /2 n    with n=1,2,…, the amplitude of the wave function
is zero because each term in Eq. (A5) depends on the momentum px,
which is denoted by the red solid line in Fig. 5; (2) when cos   ctg  ,
i.e., px=±pz, the interference between each two corresponding terms in
Eq. (A5) provides the destructive fringes in the density distribution of the
wave function, as shown by the black dotted lines in Figs. 5(c) and (d); (3)
besides above fringes, we may also find some special fringes which carry
the information of the molecular structure in the high energy region
where these fringes can be predicted by the blue dash-dot lines in Fig. 5.
These dash-dot lines can be obtained by simplifying the wave function of
2 in Eq. (A5) with two terms for the momentum being large enough:
22
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Therefore, we may obtain an interference formula by the first term of
above equation, which can be written as
2 2 2 20.5( ) / (sin cos )f fE n R   . (16)
The blue dash-dot lines in Fig. 5 are drawn by Eq. (16). It can be found
that these dash-dot lines agree with the fringes in high energy region,
with E larger than about 150eV, in the density distribution of the wave
function.
FIG. 6. The total angle-resolved ATI spectra of SF6 for initial state 2 .
Figure 6 shows the angle-resolved ATI spectra of SF6 for the initial
state of 2 with the angle 20f   (a) , 40 (b) and 60 (c). The blue
dash-dot lines in Fig. 6 are predicted by Eq. (16). By using these fringes,
we can also derive the S-F bond length by the following formula, which
is obtained from Eq. (16):
/ ( 2 sin cos )f fR n E   . (17)
Table 3 presents the predictions of the S-F bond length by using the data
of the numerical calculation shown in Fig. 6. We can find that the error
shown in Table 3 is smaller than 10%.
Tab. 3. The calculation results of the S-F bond length of SF6 when the symmetry is
2 by Eq. (17).
f f /rad E /eV R/a.u. Ravg/a.u Error
20°
0.42 190 2.69
2.69 8.16%
2.72 190 2.69
3.56 190 2.69
5.87 190 2.68
40°
1.15 190 3.20
3.21 9.59%
1.99 190 3.21
4.29 190 3.19
5.13 190 3.22
60°
1.19 190 2.70
2.68 8.50%
1.95 190 2.71
4.32 190 2.63
5.10 190 2.66
Similarly, the wave function of Eq. (15) in momentum space
corresponds to four effective terms of the wave function written as Eq.
(18) in the coordinate space
2 2 2
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2 2 2
2 2 2
2 2 2
1
{1.78005zexp{ 55.4441[(x 2.929) y z ]}
2
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1.78005xexp{ 55.4441[x y (z 2.929) ]}
1.78005xexp{ 55.4441[x y (z 2.929) ]}
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which is pertinent to four F atoms in XZ plane, as shows in Fig. 7.
Fig. 7. The density distribution of the wave function Eq. (18) in XZ plane in
coordinate space for Y=0 a.u..
Now we consider the ATI spectrum of the HOMO-1 orbits, where
there exist three HOMO-1 degenerate orbitals denoted by 4 , 5 , and
6 . Fig. 8. shows the angle-resolved ATI spectra for the HOMO-1 wave
function 4 , where we may find that the probability of this spectrum is
much smaller than that of the corresponding ATI spectrum for the HOMO
wave functions. The other two wave functions, i.e., 5 and 6 , present
similar results. One reason for these results is that the ionization threshold
of HOMO-1 orbits, which is 14.6eV, is much smaller than XUV photon
energy 77.5eV, thereby, although the detuning for HOMO-1 orbits is a
little larger than that for HOMO orbits, this difference is so small that it
can be ignored. The other crucially important reason is that the
momentum space wave function of HOMO-1 orbits is more diffuse,
which can be found in Eq. (B1) in the appendix B, thereby the ionization
probability of the HOMO-1 orbits is much lower than that of the HOMO
orbits for the photoelectron energy in the region of 0 to 220 eV. As a
result, the contribution of the HOMO-1 wave functions to the ATI
spectrum can be ignored under our present laser conditions.
FIG. 8. The total angle-resolved ATI spectra of SF6 for the HOMO-1 wave function
4 .
IV. CONCLUSIONS
In summary, we have imaged the structures of complex symmetric
polyatomic molecules SF6 by using IR+XUV two-color laser fields. We
find that the complex wave function of the molecule can be simplified by
few terms in high energy region, hence some destructive interference
formula carrying molecular information can be obtained by analyzing
these terms. Furthermore, since the angle-resolved ATI spectrum is
proportional to the molecular wave function, the destructive interference
fringes in the ATI spectra in high energy region can be used to derive the
molecular information according to the interference formulas which is
from the simplified molecular wave function. For SF6 molecule, because
it has a high degree of symmetry, the destructive interference fringes in
high energy part of ATI spectrum can provide effective information to
predict the bond length of S-F for the three HOMO wave functions. In
this work, we put forward a novel path of utilizing two color laser fields
to extract the molecular structure information from frequency domain
perspective, which is effective for imaging complex polyatomic
molecules.
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Appendix A
SF6
The molecular orbitals are from LCAO (linear combination of
atomic orbitals), and atomic orbitals consist of Gaussian functions, and
we can obtain three molecular orbitals in coordinate space in the
following part. Firstly, the orbital of 1  can be written as,
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,(A1)
which can be depicted in Fig. A1.
FIG. A1. The density distribution of wave function 1  in coordinate space with the
value of Z=0 a.u..
The wave function for the symmetry of 2  is
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which is shown by Fig. A2.
FIG. A2. The density distribution of wave function 2  in coordinate space with the
value of Y=0 a.u..
The coordinate space wave function of 3  is
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FIG. A3. The density distribution of wave function 3  with the value of X=0 a.u..
By the Fourier transform, the wave functions of 1  , 2  and 3 
can be expressed in momentum space by 1 , 2 and 3 , separately,
which is
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and
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Appendix B
We can obtain three wave functions for the HOMO-1 orbitals of SF6
in momentum space in the following part, which is expressed as
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